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FOREWORD 

The purpose of t h i s  t o p i c a l  r e p o r t  i s  t o  make t h e  nuc lear -  

? z 4 i s t l n n  data a v a i l a b l e  for d i s t r i b u t i o n  before  pub l i ca t ion  of 

t h e  f i n a l  r epor t  of t h e  cont rac t  and, thus, t o  a l low i t s  use  a t  

an  e a r l i e r  da te .  The work described i n  t h i s  r epor t  was supported 

by the  National Aeronautics and Space Administration and was 

d i r e c t e d  by Lewis Research Center under Contract NAS 3-3324. 

The P ro jec t  Engineers for NASA and General Dynamics/Fort Worth 

were D. J. Connolley and W. A .  Hehs, r e spec t ive ly .  
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SUMMARY 

/ 8 3 @  
The nuc lea r  r a d i a t i o n  measurements and c a l c u l a t i o n s  obtained 

from a s e r i e s  of experiments designed t o  i n v e s t i g a t e  t h e  e f f e c t s  

of nuc lea r  hea t ing  i n  l i q u i d  hydrogen a r e  reported.  The experi-  

mental  arrangement simulated the  r a d i a t i o n  source and  l i q u i d -  

hydrogen propel lan t - tank  geometry of a t y p i c a l  nuc lear  rocke t  

system. The opera t ing  capac i ty  of t he  tank was approximately 

125 ga l lons .  

Nuclear r a d i a t i o n  measurements were made i n  and  around the  

l iquid-hydrogen tank w i t h  t he  t ank  both empty and f u l l  of hydrogen. 

The r a d i a t i o n  d e t e c t o r s  and techniques used i n  making these meas- 

urements are descr ibed,  and the  measurements a r e  compared w i t h  

c a l c u l a t e d  nuc lear  r a d i a t i o n  i n t e n s i t i e s .  The c a l c u l a t i o n s  i n -  

c lude secondary-gamma-ray production i n  the  l i q u i d  hydrogen as 

we l l  as i n  o t h e r  surrounding mater ia l s .  Assumptions and methods 

u t i l i z e d  i n  performing these  ca l cu la t ions  are discussed.  The 

measured and ca l cu la t ed  r a d i a t i o n  i n t e n s i t i e s  a r e ,  i n  genera l ,  

it? q u i t e  good agreement. A d d  

iii 



TABLE OF CONTENTS 

I. 

I1 . 

I11 

IV. 

V. 

FOREWORD 

SUMMARY 

LIST OF FIGURES 

LIST OF TABLES 

INTRODUCTION 

EXPERIMENTAL ARRANGEMENT AND PROCEDURES 

2.1 Experimental Geometry 

2.2 Radiation Detectors 

2.3 Experimental Procedures 

METHODS OF CALCULATIONS 

RESULTS 

4.1 Fast-Neutron Flux 

4.1.1 Centerline Distributions 
4.1.2 Radial Distributions 

4.2 Thermal-Neutron Flux 

4.3 Gamma-Ray Dose Rate 

4.3.1 Centerline Distributions 
4.3.2 Radial Distributions 

CONCLUSIONS 

REFERENCES 

DISTRIBUTION LIST 

Page 

ii 

iii 

V 

vi 

1 

12 

16 

16 

16 
17 

17 

17 

1 

19 

36 
37 

iv 



LIST OF FIGURES 

Figure 

1 

2 

3 
4 

5 
6 

7 

8 

9 
10 

11 

12 

13 

14 

Experimental Setup 

Page 

3 
Liquid-Hydrogen-Heating Experimental Geometry 

Liquid-Hydrogen-Heating Experimental Configurations 

Diagram of Radiation Detector Positions 9 
Detector Packet 11 

Fast-Neutron Flux Distribution along Centerline: 
Configuration 1 27 
Fast-Neutron Flux Distribution along Centerline: 
Configuration 2 28 
Fast-Neutron Flux Distribution along Upper and 
Lower Radials 29 
Thermal-Neutron Flux Distribution along Centerline 30 

Thermal-Neutron Flux Distribution along Upper and 
Lowe r Radia 1 s 31 

Gamma Dose-Rate Distribution along Centerline: 
Configuration 1 32 

Gamma Dose-Rate Distribution along Centerline: 
Configuration 2 33 
Total Gamma-Dose Rate Distribution along Lower 
Radial 34 
Total Gamma-Dose Rate Distribution along Upper 
Radial 35 

V 



LIST OF TABLES 

Table 

I 

I1 

I11 

IV 

v 
VI 

VI I 

VI11 

calculated Gamma Dose Rates: Configuration I 

Calculated Gamma Dose Rates: Configuration I1 

Calculated Fast -Neutron Spectra : Configuration I 

Calculated Fast-Neutron Spectra: Configuration I1 

Radiation Measurements Inside Empty Tank 

Radiation Measurements Inside LH2-Filled Tank 

Radiation Measurements on Outside Surface of 
Empty Tank 

Radiation Measurements on Outside Surface of 
LHZ-Filled Tank 

Page 

20 

21 

22 

22 

23 

24 

25 

26 



1 INTRODUCTION 

Various computer programs have been employed t o  c a l c u l a t e  t he  

nuc lear  r a d i a t i o n  a t t e n u a t i o n  and energy depos i t i on  i n  t h e  l i qu id -  

hydrogen p rope l l an t  of nuc lear  rocket systems. To date ,  only l imi t ed  

experimental  data have been a v a i l a b l e  f o r  comparison w i t h  r e s u l t s  

of t he  computer programs, Consequently, i t  has been d i f f i c u l t  t o  

v e r i f y  methods and r e s u l t s  of t he  programs anu t o  a s s i g n  a degree 

of r e l i a b i l i t y  or accuracy t o  the  ca l cu la t ions .  T h i s  r e p o r t  pre- 

s e n t s  a considerable  amount of experimental  nuc lear  data t h a t  were 

obtained during a s e r i e s  of experiments designed t o  i n v e s t i g a t e  t h e  

e f f e c t s  of heat ing  due t o  nuc lear  energy depos i t ion  i n  l i q u i d  

hydrogen. Because these  nuc lear  d a t a  were obtained i n  a geometry 

s imula t ing  t h e  r a d i a t i o n  source and l iquid-hydrogen p rope l l an t  

t ank  of a t y p i c a l  nuc lear  system, they can r e a d i l y  serve as a basis 

f o r  checking and comparing the  r e s u l t s  of t he  var ious  computer 

programs, The experimental  geometry i s  descr ibed i n  s u f f i c i e n t  

d e t a i l  t o  al low o t h e r  i nves t iga to r s  t o  dup l i ca t e  t h e  geometry i n  

checking computer codes and t o  permit d i r e c t  comparison of calcu- 

l a t e d  data w i t h  t he  measured data presented i n  t h i s  r e p o r t ,  

The nuc lear  data presented here a r e  only some of t h e  r e s u l t s  

from t h e  experiments performed a t  the  Nuclear Aerospace Research 

F a c i l i t y  ( N A R F )  and sponsored by the  Nat ional  Aeronautics and Space 

Adminis t ra t ion ' s  Lewis Research Center. The purpose of t h i s  r epor t  

i s  t o  allow e a r l y  d i s t r i b u t i o n  and  use of t h e  nuc lear  data. Fur- 

t h e r  a n a l y s i s  and conclusions regarding these  data w i l l  be presented 

i n  a comprehensive f i n a l  r epor t .  

1 



2 . EXPERIMENTAL ARRANGEPENT AND PROCEDURES 

2.1 Experimental Geometry 

The experimental arrangement was designed to simulate the 

radiation source and the liquid-hydrogen propellant-tank geometry 

of a typical nuclear rocket system. A sketch of the experimental 

setup is shown in Figure 1, 

(ASTR) was utilized as the source of nuclear radiation, ana a 

The Aerospace Systems Tzst Reactor 

125-gal liquid-hydrogen tank was used as a scaled-down propel- 

lant tank. As shown in Figure 1, the liner tank provided a space 

in which the LH2 tank was positioned immediately above the reactor 

pressure vessel. The water tank and steel sheets above the liner 

tank and LH2 tank provided shielding to reduce the radiation leak- 

age to the surrounding area to tolerable levels, 

Greater detail of the reactor-hydrogen-tank geometry is given 

in Figures 2 and 3, 

shape with a conical bottom. 

32 in, and the half-angle of the conical bottom was 45'. 

stainless-steel walls of the tank varied slightly in thickness 

The LH2 tank was of the typical cylindrical 

The diameter of the cylinder was 

The 

from one section to another, as indicated in Figure 2, 

The ASTR is a water-moderated reactor, with MTR-type fuel 

elements contained in a stainless-steel pressure vessel. A void 

section was placed inside the pressure vessel to increase the 

neutron leakage from the reactor in the area under the LH2 tank. 

During the experiment, the reactor was raised to either of 

the two positions shown in Figure 3. In the position referred to 

as Configuration 1, the reactor pressure vessel was immediately 

2 
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below the liner tank withN1/4 in. of water between them. 

Configuration 2, the reactor was lowered 4 in.; consequently, 

4 in. of additional water separated the liner tank bottom and 

the reacLui* prcz,zure vesse1, 

neutron-to-gamma ratio of the radiation incident on the LH2 tank 

bottom. Thus the two reactor positions provided two nuclear 

environments for the experiment and analysis. Most data runs 

were duplicated for each of the two environments, 

2.2 Radiation Detectors 

In 

The 4 in, of water reduced the 

The radiation detectors used in the liquid hydrogen were all 

of the integrating type and were chosen for their compatibility 

with the cryogenic environment. 

ray dosimeters. 

rectangular pieces about 19/32- by 1/4-in. and 1/16-in, thick, 

Each piece of glass was placed in a box of 1/16-in,-thick walls 

composed of boron-10 and an epoxy binder. These boxes served as 

low-energy neutron filters and, thus, virtually eliminated any 

neutron effects in the readings of the dosimeters, The gamma 

dose was measured by the amount of discoloration of the cobalt 

glass caused by gamma rays. The amount of discoloration was 

determined by measuring the transmission of light waves of 390- 

and 4'70-q.~ wave lengths witha spectrophotometer before and after 

exposure of the glass to radiation, 

Cobalt glass was usedfor gamma- 

The glass was supplied by Bausch and Lomb in 

Calibration of the dosimeter was performed with a l,S-kilo- 

curie cobalt-60 gamma source. Calibration curves were obtained 

at 93OF and -32OoF, 

a maximum difference in the order of lG$. Although the correction 

The two curves differed only slightly, with 

6 



for temperature was rather small, the calibration curve obtained 

at -320°F (boiling point of liquid nitrogen) was used for the 

dosimeters exposed in liquid hydrogen, 

The reproducibility of the gamma measurements was in the 

order of - +5$, and the accuracy of the measurements is about - +lo$. 

The neutron-flux distributions were measured with radioacti- 

vants, Radioactivants have long been used for making neutron-flux 

measurements and are considered to have an accuracy in the order 

of +2@. The thermal-neutron flux was measured by the cadmium- 

difference technique, The thermal or sub-cadmium flux includes 
- 

neutrons of energy below 0.48 ev, the approximate cadmium cutoff 

energy for 20-mil cadmium, Gold foils were used as the thermal- 

neutron detectors, Copper wires were also used to map thermal- 

neutron profiles in the liquid hydrgen. The magnitudes of the 

profiles were normalized to the gold-foil measurements. 

No temperature corrections were made t o  the cross sections 

used in reducing the gold-foil data. What error this might 

introduce in the magnitude of t h e  thermal-neutron flux measure- 

ments cannot be estimated at this time. 

The fast-neutron flux measurements were made with sulfur, 

aluminum, and magnesium by utilizing threshold-type nuclear 

reactions of each element. These reactions and the approximate 

effective threshold of each are given below: 

~32(n,p)~3~ 2.9 Mev 

Mg24(n,p)Na24 7.5 MeV 
A127(n,a)Na 24 8,l Mev 

7 



Although tests indicated that the cryogenic environment produced 

no adverse physical effect on the pressed sulfur pellets, the 

pellets were wrapped in aluminum foil as a precautionary measure 

lin the event of shattering or crumbling of the pellet. 

After irradiation, all the radioactivants were processed 

and counted in NARF's semi-automated counting room, The counting 

data, radiation exposure data, and detector location data were 

processed by a computer program which resulted in a tabulation of 

the neutron flux f o r  each detector position, Further details of 

the computer program, detectors, and calibration procedures and 

techniques used in conjunction with radioactivants as neutron 

detectors are given in Reference 1, 

2.3 Experimental Procedure 

The nuclear-radiation mapping was performed during four dif- 

ferent reactor runs. The radiation distribution was measured with 

the LH2 tank empty and full rJf liquid hydrogen (to a height of 

about 45 in,) f o r  each of the two reactor configurations, The 

reactor was at power for 30 minutes for each of the runs. The reactor 

power f o r  each run was dictated by the exposure required by the 

cobalt-glass dosimeters. Since the gamma-dosimeter exposure re- 

quirements fell within the exposure range of the radioactivants, 

both neutron and gamma measurements were attained f o r  each reactor 

run. 
Figure 4 shows the locations of the neutron and gamma detectors 

in and around the tank for each of the reactor runs, In the figure, 

only the x, y-plane positions are shown; the x, z-plane position 

distances are identical, Gamma and all types of neutron detectors 

were used at the tank bottom and also at 1.4, 8+4, and 20,4 in, 

8 
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f r o m  the bottom along the tank centerline. A l l  radiation detectors 

were used at each position on the outside wall of the LH2 tank. 

Only sulfur neutron detectors and cobalt-glass gamma dosimeters 

w t = l . t  p u o ~ u v r u L ~ u c .  z?t. a l l  other locations. Copper wire to provide 

thermal-neutron maps was placed along the tank centerline and 

along each of the foil-holding radial arms supported from the 

centerline stand. The sulfur pellets and cobalt glass provided 

adequate maps of the fast-neutron and gamma-ray distributions, 

respectively, in the tank, 

- - - -  - - - a  4-1 Anna 

The radiation detectors were packeted between aluminum screen 

wire and attached t o  the foil s u p p o r t  stand with steel wire. The 

foil support stand was fabricated of small-diameter stainless-steel 

rods. A radiation detector assembly in the aluminum screen wire 

is shown in Figure 5* 

10 
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3 ,  METHODS OF CALCULATIONS 

The analytical calculations were, in the main, performed 

througn ents:li3iTv'e z s e  cf TAM-7090 digital-computer code C-17 

(Ref, 2 )  developed at M A W ,  This is a shield penetration 

program for calculating a modified gamma spectrum and is based 

on the differential energy spectra obtained by a moments-method 

solution of the Boltzmann transport equation (Ref, 3 ) .  The 

fast-neutron portion of the program yields a spectrum based upon 

differential energy spectra calculated by Nuclear Development 

Corporation of America (NDA) f o r  a point-isotropic fission source 

in an infinite medium, The fast-neutron results for this anal- 

ysis were from an NDA calculation representing a moments-method 

solution of the Boltzmann transport equation for water (Ref, 4) ,  

For these calculations, the source of the nuclear environ- 

ment, the ASTR, was represented by a total of 126 source points, 

each of which corresponds to a certain volume element of the core 

and the power distribution applied thereto, The total power of 

the reactor core was normalized t o  one watt for use in the com- 

put er program e 

Certain geometric limitations on the description af' various 

regions were encountered in the calculational model employed in 

the shield-penetration program, Specifically, anyregion which 

is represented as a solid of revolution must have as its axis of 

revolution the x-axis in a Cartesian coordinate system, With 

this in mind it is readily seen from Figures 2 and 3 that, in 

reality, some cylindrical regions exist which are not adaptable 



t o  t h i s  type of geometric d e f i n i t i o n .  For the  c a l c u l a t i o n a l  model, 

t h e  regions of d i f f e r e n t  materials were defined as  p r e c i s e l y  as 

poss ib le .  However, i n  some instances,  i t  was necessary t o  approx- 

izzte scme C U T V F ? ~  su r faces  by a number of planes.  The conica l ,  

o r  bottom, por t ion  of t he  tank was represented by a s e r i e s  of 

f r u s t a  of cones,  For s impl i f i ca t ion  i n  de f in ing  a c a l c u l a t i o n a l  

model, t h e  a x i s  o r  c e n t e r l i n e  of  the t ank  was chosen as the  x-axis  

w i t h  d e t e c t o r  loca t ions ,  e t c ,  b e i n g  referenced thereto. ,  For  con- 

venience,  t h e  coordinate  system (see Fig.  4 )  had as i t s  o r i g i n  the  

bottom of the  i n s i d e  of t he  tank (or a zero l i q u i d  l e v e l ) ,  

Detector  l oca t ions  f o r  which the  c a l c u l a t i o n s  were made were 

s i t u a t e d  i n  t h e  x, y plane,  Although t r u e  symmetry d i d  not e x i s t  

i n  t he  t e s t  geometry f o r  t he  x, y and x, z planes,  s e v e r a l  calcu- 

l a t i o n s  were made t o  determine the v a r i a t i o n  of dose-rate  i n  t h e  

two p lanes ,  The d i f f e rence  was extremely small, and the  assumption 

was made that the  system was symmetrical i n  t h e  two planes., Thus, 

t h e  x, y plane was chosen a rb i t r a r i l y  as the  plane i n  which t o  

make ca l cu la t ions .  The d e t e c t o r  l o c a t i o n s  were se l ec t ed  so as t o  

y i e l d  a well-defined nuc lear  map w i t h i n  t he  l i q u i d  hydrogen, I n  

some ins tances ,  i t  was necessary t o  c ross -p lo t  and/or i n t e r p o l a t e  

t h e  ca l cu la t ed  data i n  o rde r  t o  obtain a d i r e c t  comparison w i t h  

measured data , 

The ca l cu la t ed  gamma t o t a l  dose rates c o n s i s t  of s eve ra l  

components considered t o  be the  most probable con t r ibu to r s  t o  t h e  

t o t a l .  It i s  believed tha t  the  major sources  of' secondary gamma 

rays have been inves t iga t ed  and a l s o  t h a t  some of the  sources  con- 

s ide red  yielded r e s u l t s  of neg l ig ib l e  importance, 



The primary gamma dose rate i s  t h a t  r e s u l t i n g  from t h e  gamma- 

leakage f l u x  from the  r eac to r .  T h i s  leakage f l u x  i s  due t o  t h e  

prompt-fission and decay gammas i n  t h e  f u e l  and t o  t h e  r a d i a t i v e  

cnpture  and  i n e l a s t i c  s c a t t e r i n g  of neutrons which occur i n  a l l  

m a t e r i a l s  i n  the  reactor-core s t r u c t u r e ,  

Secondary gamma rays  a r e  considered t o  be those produced by 

means of r a d i a t i v e  capture  of thermal neutrons and i n e l a s t i c  s c a t -  

t e r i n g  of f a s t  neutrons i n  mater ia l s  ou t s ide  of t ne  r e a c t o r  core.  

The capture-gamma source mater ia l s  i nves t iga t ed  f o r  t h i s  a n a l y s i s  

were the  l i q u i d  hydrogen and the  s t a i n l e s s - s t e e l  r e a c t o r  pressure  

v e s s e l  f o r  both configurat ions.  I n  add i t ion ,  t h e  captures  produced 

i n  t h e  4 i n ,  of water i n  Configuration 2 were included, The only 

source considered f o r  the  production of gamma rays by means of 

i n e l a s t i c  s c a t t e r i n g  of fast neutrons was the  i r o n  i n  the  s t a i n l e s s -  

s t e e l  p ressure  v e s s e l  around the  ASTR, 

The t h e r m a l -  a n d  fas t -neutron f l u x e s  employed i n  the  calcu-  

l a t i o n  of secondary gamma rays produced i n  t he  s t a i n l e s s - s t e e l  

p ressure  ves se l ,  and  t h e  surrounding water f o r  Configuration 2 ,  

were obtained from a neutron map of t he  ASTR pressure v e s s e l  made 

p r i o r  t o  t h i s  experiment. T h i s  p a r t i c u l a r  mapping was made w i t h  

t h e  ASTR completely submerged, s o  that  the  water appears  as  a n  

i n f i n i t e  medium. Thus, t he  calculated f l u x e s  repre s e n t  perhaps 

more r e a l i s t i c a l l y  t h e  Configuration 2 geometry ( 4  i n ,  of a d d i -  

t i o n a l  water  ou t s ide  the  pressure v e s s e l )  than  the  Configuration 

1 geometry, From these  f l u x e s  measured on t h e  sur face  of t he  ASTR 

pres su re  vesse l ,  f l u x e s  were obtained by exponental  a t t e n u a t i o n  

a t  t h e  poin t3  of i n t e r e s t  (source poin t  l o c a t i o n s )  i n  the s t e e l  

and  water, 
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To compute the  i n t e n s i t i e s  of t he  secondary-gamma sources  i n  

a p a r t i c u l a r  medium due t o  neutron capture  (n ,? )  or neutron i n e l a s -  

t i c  s c a t t e r i n g  ( n , n t )  r eac t ions ,  an elemental  volume was chosen 

which was represented by a s p e c i f i c  source-point l oca t ion .  The 

i n t e n s i t y  of each source poin t  was then computed from 

Source S t rength  = VXfI 

where 

V = volume as soc ia t ed  w i t h  a p a r t i c u l a r  source p o i n t ,  

I: = capture  or i n e l a s t i c  cross  sec t ions ,  and 

@ = thermal- or fast -neutron f l u x  (n/cm2-sec) a t  t h e  
poin t  of i n t e r e s t .  

Once t h e  source s t r e n g t h s  were computed, they became source 

terms f o r  t he  computer program (C-17), and, w i t h  t h e  appropr i a t e  

gamma inpu t  spectrum f o r  t he  secondary event under cons idera t ion ,  

t h e i r  con t r ibu t ion  t o  the  gamma dose rate i n  t h e  l i q u i d  hydrogen _. 

was ca lcu la t ed .  



4. RESULTS 

The agreement between the  r e s u l t s  of measurements and calcu-  

l a t iens  was; i n  general ,  wel l  w i t h i n  t he  accu rac i e s  of the measure- 

ment and ca l cu la t io ra l t echn iques  used, Several  comparisons of 

c a l c u l a t i o n s  w i t h  measurements made i n s i d e  the  t ank  a r e  given i n  

g raph ica l  form. A compilation of both measured and ca l cu la t ed  

gamma dose r a t e s  and neutron f luxes  a r e  given i n  Tables I through 

V I I I ,  Included i n  these  tables a r e  the  measurements made on t h e  

outs ide  t a n k  sur face ,  

4.1 Fast-Neutron Flux 

4.1.1 Center l ine  Di s t r ibu t ions  

Measured and ca l cu la t ed  fas t -neut ron  f l u x e s  on the  tank 

c e n t e r l i n e  f o r  Configuration 1 a r e  shown i n  Figure 6. Compari- 

sons of f l u x e s  above 2 * 9  and 8.1 Mev a r e  shown t o  i n d i c a t e  how 

wel l  t he  neutron spectrum was predicted.  Agreement of t h e  f l u x e s  

above 2.9 Mev i s  q u i t e  good and t h e  agreement of t h e  f l u x  above 

8.1 Mev i s  f a i r ,  Thus, the  ca lcu la ted  neutron spectrum of Con- 

f i g u r a t i o n  1 i s  i n  f a i r  agreement w i t h  the  measurements, 

F igure  7 shows the  measured and ca l cu la t ed  fas t -neut ron  

f l u x e s  f o r  Configuration 2. Again, the  agreement of measured 

and ca l cu la t ed  neutron f l u x e s  above 2.9 Mev i s  good; however, 

above 8.1 Mev the  ca lcu la ted  f l u x  i s  about 50$ higher  than  the  

measured f lux .  I n  both Configuations,  t h e  ca l cu la t ed  neutron 

spectrum i s  "harder"  t h a t  the  measurements i n d i c a t e .  No explana- 

t i o n  i s  r e a d i l y  a v a i l a b l e  f o r  t h i s  d i f f e rence .  

16 



R a d i a l  D i s t r fhu t ion  4.12 ________L..I. I 

Figure 8 compares the  ca lcu la ted  and measured f a s t -neu t ron  

f l u x e s  a long  t h e  radials from the  tank c e n t e r l i n e .  The C - 1 7  code 

ppec?icks k h e  magnitude - r a t h e r  well where t h e  sca t te red-neut ron  

component i s  small, but t h e  l a r g e  d i f f e rences  on t h e  upper radials 

of both Configurat ions 1 and 2 near the o u t e r  per iphery of t h e  

tank a r e  probably caused by neutrons s c a t t e r i n g  i n t o  the  hydrogen 

from ou t s ide  t h e  hydrogen tank. These comparisons of ca l cu la t ed  

data w i t h  th reshold-de tec tor  data were made by i n t e g r a t i n g  the  

C-17 calculated Reutron spec t r a  above 2.9 Nev. 

4.2 Zermal-Neutron r’lux 

The lower neutron-energy cutoff f o r  the  C - 1 7  code i s  0.33 MeV. 

Thus, no ca l cu la t ed  values  a r e  ava i l ab le  f o r  comparison w i t h  the  

measured thermal-neutron f l u x .  The measured f l u x e s  obtained w i t h  

copper wire  a long t h e  c e n t e r l i n e  and on t h e  radials a r e  given i n  

Figures  9 and 10, respec t ive ly .  The magnitudes of these  va lues  were 

normalized t o  go ld - fo i l  values.  I n  Figure 10, t h e  decrease of ther- 

mal f l u x  towards the  tank  w a l l  i s  assumed t o  be due t o  absorb t ion  

of thermal neutrons i n  the  hydrogen t ank  and l i n e r  tank walls. 

4.3 Gamma-Ray Dose Rate 

4.3.1 Center l ine  Di s t r ibu t ions  

A comparison of measured and ca l cu la t ed  gamma-ray dose r a t e s  

on t h e  t ank  c e n t e r l i n e  f o r  Configurations 1 and 2 a r e  shown i n  

F igures  11 and 12, r e spec t ive ly .  Configuration 1 data agree  

f a i r l y  well, t he  maximum d i f f e rence  between ca l cu la t ed  and meas- 

ured data being about 20%. The agreement for Configurat ion 2 i s  

rather poor over t he  f i rs t  few inches of l i q u i d  hydrogen, where 



t he  c a l c u l a t e d  data i s  higher  by a m a x i m u m  d i f f e r e n c e  of approxi-  

mately 48$, 
conf igura t ions ,  the calculated-value curves  e x h i b i t  a s l i g h t l y  

s LeepEi- sle-,:: thzrt fin k h e  measured-value curves e One p o s s i b l e  

explana t ion  for t h e  d i f f e r e n c e  i n  s lopes  i s  a shortcoming of t h e  

use  of t h e  d i f f e ren t i a l - ene rgy- spec t r a  data i n  t h e  pene t r a t ion  

program, The b a s i c  gamma-buildup data i s  more r e a l i s t i c  (and t h e  

r e s u l t s  a r e  more r e l i a b l e )  when appl ied  t o  c a l c u l a t i n g  a modified 

spectrum a f t e r  p e n e t r a t i o n  of regions o r  materials which are of 

such dimensions as t o  appear t o  be i n f i n i t e ,  The mass of hydrogen 

i n  t h e  tank  bottom, or con ica l  por t ion  of t h e  tank, does not  

a p p e a r  t o  be a n  i n f i n i t e  region of hydrogen. Thus, t h e  c a l c u l a t e d  

dose rates would mostprobably represent  a n  overes t imate  of t he  

t r u e  gamma dose ra te  i n  t h i s  v i c i n i t y ,  

4.3*2 R a d i a l  D i s t r i b u t i o n s  

The p l o t s  of t h e  radial gamma dose- ra te  d i s t r i b u t i o n s  a t  two 

Note that ,  for t he  t o t a l  gamma-ray data f o r  both 

l e v e l s  are shown i n  Figure 13 and 14. 

between c a l c u l a t e d  and measured dose rates n e a r  t he  tank w a l l  i n  

Configurat ion 1 i n d i c a t e s  a poss ib le  cap tu re  component i n  t h e  walls 

of t h e  t ank  o r  t he  surrounding water medium, Since t h e  agreement 

i s  somewhat c l o s e r  nea r  t h e  cen te r l ine ,  such a capture  component 

must be  i n  t h e  low energy range i n  o r d e r  t o  be a t t enua ted  so  

r a p i d l y  by t h e  hydrogen, T h i s  e f f e c t  i s  not  d i s c e r n i b l e  f o r  

c o n f i g u r a t i o n  2 because the  neutron-to-gamma r a t i o  i s  lowcri and 

t he  primary g a m m a  component apparent ly  overshadows t h e  secondary 

component-which is ,  a f te r  a l l ,  lower f o r  Configurat ion 2. 

The f a i r l y  large discrepancy 

18 



5. CONCLUSIONS 

The use of proven r a d i a t i o n  de tec to r s  and methods, w i t h  a few 

precauiiu[mLy ---- +-hn-i VUVI-.----. ~ F ? S  for t h e  cryogenic environment, provfled 

s a t i s f a c t o r y  r e s u l t s .  The integrat ing-type de tec to r s ,  r a d i o a c t i -  

van t s  and coba l t  glass, were r ead i ly  adaptab le  t o  the  cryogenic 

environment and were small enough t o  be used i n  the  experiment. 

The i n t e g r a t i n g  devices,  however, l imi t ed  the  nuc lear  measurements 

t o  s t eady- s t a t e  condi t ions,  t h a t  i s ,  w i t h  t he  l i q u i d  l e v e l  f ixed .  

When phys ica l ly  small r a t e  de t ec to r s  become a v a i l a b l e ,  i t  w i l l  be 

of considerable  i n t e r e s t  t o  continuously monitor r a d i a t i o n  in t en -  

s i t i e s  as the  l i q u i d  hydrogen f lows  from the  t ank  and the  l i q u i d  

l e v e l  i n  the tank changes. 

The ca l cu la t ed  values  from the C - 1 7  s h i e l d  pene t ra t ion  program 

a r e  i n  good agreement w i t h  t he  measured values  and ,  consequently,  

g ive  a measure of confidence to ca lcu la t ions  performed i n  t he  v a r -  

i o u s  nuclear-rocket-system design s t u d i e s .  The comparison of 

measured and ca lcu la ted  values  ind ica t e s  t h a t  even r a t h e r  simple 

codes l i k e  C - 1 7  can provide r e s u l t s  w i t h  an accuracy of t h e  order  

of 2 6 .  



Table I. Calculated Gamma Dose Rates: Configuration I 
( r/hr-w ) 

Detector Coordinates 

X 

-- 
. l o  

1.08 

3.05 

5.16 

9.84 

14.47 

22.00 

33.79 

45.00 

1.08 

3-05 

3.05 

5.16 

5.16 

5.16 

9.84 

9.84 

9.84 

9.84 

14.47 

22 .oo 
22.00 

22 .oo 

33.79 

33 -79 

33979 

0 

0 

0 

0 

0 

0 

0 

0 

0 

2.56 

2-56 

4-72 

2.56 

4.72 

6.89 

4.72 

6.89 

9-05 

11.42 

4.72 

5-31  

10.63 

15-90 

5.31 

10.63 

15. go 

z 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

Gamma Dose-Rate Components 
Total 
Gamma 

Rate 
n-..- 
U V U G  



Table 11. Calculated Gam? Dose Rates: Configuration 11 

Detector 
Coordinates (in. 

X- 

.10 

5.16 

14.47 

22.00 

33 -79 

45.00 

22.00 

22.00 

22.00 

33 079 

33 079 

33 -79 

Y 

0 

0 

0 

0 

0 

0 

5-33 

10.6: 

15 9C 

5.93 

10.6: 

15.9C 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

- 

Primary 
Gammas 

1.08( - 0 )  

7*76(-1)  

9 97 ( -1 ) 

3.31(-1) 
l . g l (  -1) 

1.21( -1) 

3.19(-1) 

3.02( -1) 

2.74( -1) 

1.84( -1) 

1 e77 ( -1 

1 67 ( -1 ) 

I 

Gamma 
Gamma 
Dose 
Rate 
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n,-na4 mo e,.. I Gamma Do+,. 

Co Glass 
(r/hr-W) 

De t e c tor 
""" *U I . .Y"YU (in.) n-nn I y"uc 

X Y 

For Positions Where Cobal t  Glass and Sulfur Were Used 

Neutron Flux __ Data ( n/cm2-sec-w) 

3 Mg A 1  Au Cd 
- 

Ratio 
)2.9 Mev . 77.5 Mev )8.1 Mev Thermal 

Configuration 1 

0 
1.4 
8.4 

20.4 

0 
1.4 
8.4 

20.4 

23 

1.12 

1.10 

0 
0 
0 
0 

Conf iguration 2 

0 o 1.50 o 1.82 3 6.73 2 2.19 2 3.04(1) 1.01 

1.06 0 0 l.63/0/ 4.7913j 3-12 3 4.05 6.73121 2 2.0912/ 1.32 2 
- 

0 0 1.11 0 
0 0 6.19 -1) 1.66 3 2.43 2 7.10 1 

i 

Detect or Conf igura t ion  1 Configuration 2 
Coordinates (in. ) -- ---- -_----- -__ - Co Glass 5 Co fflass 5 

(r/hr-w) (n/cm*-sec-w) (r/hr-w) (n/cm2-sec-w) 
_-_ . __ _- ._.- _-- -__-- X Y 

4.4 0 
14.4 0 
27.4 0 
39.4 
56.0 0 

1.4 

9.4 10 
21.4 4 
21.4 a 
21.4 12 
21.4 16 
33.4 4 a 

2 9.4 

0 

0 
0 
0 - 

33.4 0 3 *23(-1) 
- - 



TABLE V I .  RADIATION MEASUREMENTS INSIDE LHp-FILLED TANK 

For Positions Where All Detectors  Were Used 

1.4 
8.4 

20.4 

nommn Neiitron Flux Data (n/cm2-sec-w) 

Mg A 1  Au 

ijetec i u i .  
Coordinates 
I 

0 
0 
0 

4I’- 

0 
1.4 
8.4 

20.4 

0 
0 
0 
0 
1 

Conf j guration 1 

0 
0 
0 
0 

I I 1 1 1 

For Pos i t ions  Where Cobalt Glass and Sulfur Were Used 

Detector  
Coordinates ( i n . )  

X 

4.4 
14.4 
27.4 
39.4 
56.0 

1.4 
9.4 
9.4 

21.4 
21.4 
21.4 
21.4 
33 -4  
33.4 
33 -4  

1.4 
9.4 
9.4 

21.4 
21.4 
21.4 
21.4 

33 - 4  

33.4 
33.4 
33.4 
33.4 

Y 
0 
0 
0 
0 
0 

-- 

2 
10 
4 
8 

12  
16  
4 
8 

12 
16 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

Z 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

2 
10 
4 
8 

12 
16 
4 
8 

12  
16 

- 
Configuration 1 

Co Glass 
( r/hr-w ) 

5 
( - 4  n/cm2- sec 

- 
Cd 

Rat io  

a:$ 
12.6 
21.7 

3 059 
26.3 
10.6 
19.8 

Configuration 2 

Co Glass 
( r/hr-w ) 

5 
(n/cm2-sec-w) 
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Table V I I .  Radiat ion Measurements on Outside Surface of Empty Tank 

De tec to r  
P o s i t  1 on 

X,N -Plane - 1 
2 

5 
6 
7 
8 

Y, Y-Plane - 1 
2 
3 
4 
5 
6 
7 
8 

k, y-Plane - 1 
2 
3 
4. 
5 
6 
7 
8 

x, p P l a n e  - 1 
2 

5 
6 
7 
8 

Gamma 
Dose Rate 

Co Glass 
(r/hr-w ) 

-- 

- 

- - 

- - 

Neutron Flux Data ( n/cm2-sec-w) 

conf igu ra t ion  1 

- 

Conf igL 

- 
2.88 
1.61 
8.95 
3.52 
1.98 
2 -49 
2 077 

a t i o n  

3 
3 
2 
2 
2 
2 
2) 

2 

6.85( 1) 

6.87( 1) 

1.85 
7.80 
4.14 
2.36 
7.39 
5-09 
6.27 
6.07 

- 

Cd 
Rat io  

--- 

1.20 
1.21 
1.11 

1.25 
2.17 

- 
1.69 
1.56 

- 
1.20 
1.08 

1.21 
1.95 
1.54 
1.60 

- 

- 
1.16 
1.24 
1.13 
1.39 
2.07 

1.51 
2 .08 

- 
1.46 
1.30 
1.30 

- 
2.04 
2.11 
1-42 

- 
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Table V I I I .  Radiat ion Measurements on O u t s i d e  Surface of LH2-F i l l ed  Tank 

nr\tnn t ,-,- 
L r b  “I” I-- 

P o s i t i o n  

X ,  Y-Plane - 1 
2 

x, y-Plane - 1 
2 
3 
4 
5 
6 
7 
8 

x, y-Plane - 1 
2 

2 
7 
8 

x, y-Plane - 1 

5 
6 
7 
8 

--- 
Gamma 

Dose Rate 

Co Glass 
(r/hr-w) - 

- 
Neutron Flux Data (n/cm2-sec-w) 

Configuration 1 

Configuration 2 

8.45 
2.94 
1.46 
9.24 
6.09 
2.28 
1.28 
7.75 

Cd 
Rat io  

3.63 

8.39 

- 

2.02 
16.5 
18,1 

1.12 

1.42 

111.8 

1.12 

1.48 
1.51 

1.50 
1.72 
3-28 
2.62 - 

- - 
1.58 
1.44 
2.32 

2 4 0  
11.5 

- . -  
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